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The three-domains-of-life tree theory divides cellular life into three domains: Bacteria, Archaea, and Eukarya 1 . Ever since Archaea became widely recognized as a separate domain of life, the exploration of the origin of Eukarya has intensified 2, 3 . Recently, metagenomic analyses revealed that Lokiarchaeota are the closest relative of Eukarya 4 . Its sister lineages, Thorarchaeota, Odinarchaeota, and Heimdallarchaeota, were then identified through metagenomic reconstruction [5] [6] [7] . Together, these lineages form the Asgard superphylum, elucidating the origin of eukaryotic cellular complexity 7 . However, some scientists argued the obtained Asgard genomes might be contaminated and the concatenated gene set for phylogenetic tree construction is not reliable 8, 9 . A recent study suggested that Asgard archaea might be non-phagocytotic, i.e., that the eukaryotic signature proteins (ESPs) of Asgard archaea did not originate in extracellular environments 10 , rendering their relationship with eukaryotes a mystery. Asgard archaea were initially identified in marine habitats, including lineages formerly named Marine Benthic Group B (MBG-B) 11 , Deep-Sea Archaeal Group (DSAG) 12 , Ancient Archaeal Group (AAG) 13 , and Marine Hydrothermal Vent Group (MHVG) 13, 14 . Identification of additional sequences revealed that these archaea inhabit various environments (e.g., lake sediment, mangrove sediment, estuarine sediment, and mud volcano) 5, 7, 15 . Indeed, Asgard archaea might be more diverse than the above-mentioned four phyla, as suggested by the recent discovered expressed Asgard-associated archaeal rRNA 15 .
Thus, many questions remain to be answered regarding the diversity and classification of Asgard archaea, as well as the ecological distributions and the habitats of its lineages. In addition, current knowledge of the metabolic functions of Asgard archaea is mostly derived 4 from the indirect inferences from metagenomic analysis. For example, genome reconstruction suggests that Lokiarchaeota might be anaerobic hydrogen-dependent autotrophs 16 , while
Thorarchaeota might be mixotrophic 5 , and perhaps capable of acetogenesis and sulfur reduction 6 . However, the lack of cultured Asgard archaea representatives or culture-independent evidences (e.g., metatranscriptomics and DNA-SIP analysis) hampers a further understanding of the physiological functions and ecological roles of these archaea 6, 7 .
In the current study, we first used the publicly available 16S rRNA gene sequences to investigate the diversity and global distribution of Asgard archaea, as well as the relationship of Asgard subgroups with environmental factors and interactions with other archaeal lineages.
Most importantly, we reconstructed and compared the potential metabolic pathways of Asgard archaea based on the publicly available genomes, and further confirmed their metabolic activities by metatranscriptomic analysis. To the best of our knowledge, this is the first-ever metatranscriptomic analysis of Asgard archaea that provides insights into their roles in the global biogeochemical cycling.
Results and discussion
Asgard archaea are highly diverse ) were used to reconstruct a phylogenetic tree ( Supplementary Fig. 1 ). The tree topology was similar to that presented in . For analysis purposes, the broad Lokiarchaeota subgroup (minimum intragroup similarity of 80%; Supplementary based on the tree nodes ( Fig. 1) . MBG-B, previously considered to be Thorarchaeota
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, were clustered with Lokiarchaeota ( Supplementary Fig. 2 ). As the minimum intragroup similarity (71%, Supplementary 16, 25 , Supplementary Table 4 ) involving in anaerobic metabolisms corroborated the notion that Asgard archaea are anaerobic microbes.
The smallest subcluster Odin, and portions of the Loki-1 and Loki-2a subgroups contained sequences retrieved from hydrothermal habitats; OTUs collected from hypersaline habitats (e.g., hypersaline microbial mat and salt-works belt) were clustered together in the Loki-3 7 subgroup ( Fig. 1 ), suggesting similar subgroup biotopes. Since the investigated libraries were almost all recovered from offshore or marine sediments (Fig. 2a and Supplementary Table 3) , most OTUs (~65%) have been found in cold saline environments (Fig. 1 ).
To investigate the relative abundance of Asgard sequences in different biotopes, we selected 65 published archaeal 16S rRNA libraries (Supplementary Table 3 the lack of bacterial data hampered in-depth investigations. Systematic investigations of the relative abundance and co-occurrence of archaea and bacteria, using appropriate primer sets 26 (e.g., 515F-806R) are highly recommended for future studies.
Metabolic differences among the Asgard phyla
To verify the metabolic divergence revealed by the co-occurrence analysis, publicly available genomes ( Supplementary Fig. 4 and Supplementary . Genomic data suggested that all Asgard phyla might lead mixotrophic lifestyles utilizing both organic and inorganic carbon sources (e.g., protein, glucose, ethanol, and CO2). These analyses also indicated possible sulfur and nitrogen metabolisms ( Fig. 3 and Supplementary Fig. 5 ). However, discrepancies between the phyla were more apparent than similarities, as revealed by KEGG module comparison ( Supplementary Fig. 6 ), especially for Odinarchaeota and/or Heimdallarchaeota (Fig. 3) . In the Wood-Ljungdahl pathway (WL; the reductive acetyl-CoA pathway), Lokiarchaeota and Thorarchaeota may use both tetrahydrofolate (THF) and tetrahydromethanopterin (THMPT) as C1 carriers, as has been proposed for methanogenic archaea 28 . By contrast, Heimdallarchaeota and Odinarchaeota appeared to reduce inorganic carbon by using one of the C1 carriers through THF-WL or THMPT-WL pathway, respectively. Typically, THF is a C1 carrier in bacterial acetogens9 some halophilic archaea 30 . Although Heimdallarchaeota have been mainly identified in saline environments ( Fig. 1) , their ability to reduce CO2 via the THF-WL pathway required verification. Only Heimdallarchaeota harbored the complete gene set for the forward and reverse tricarboxylic acid (TCA) cycle (Fig. 3) . Therefore, TCA cycle may not be the major energy-generating pathway for other Asgard lineages, similar to Hadesarchaea 31 . Furthermore, unlike the other three phyla, Odinarchaeota genomes are relatively small (1.5 Mbp, Supplementary Table 2) , and lack many genes for butyryl-CoA oxidation and sulfate reduction (Fig. 3) . Odinarchaeota, Heimdallarchaeota, and Lokiarchaeota lack most of the key genes of the Calvin-Benson-Bassham cycle (CBB; the reductive pentose phosphate cycle) (Fig. 3) . Within the CBB pathway, the conversion of ribulose-5P to ribulose-1,5P2 is an ATP-consuming process, while the WL pathway can generate energy Table 5 ). Because of the limited genome information for Lokiarchaeota, Odinarchaeota, and Heimdallarchaeota, their potential metabolic capabilities require further investigations.
Asgard archaea are transcriptionally active in the natural environment
To more precisely delineate the above-described metabolic capabilities of Asgard archaea, we combined metatranscriptomics with genome data for transcriptomic activity analysis (Fig. 3) . Since most of the 16S rRNA gene sequences of Asgard archaea have been retrieved from offshore and deep marine environments (Fig. 1) , the publicly available metatranscriptome datasets from these habitats were downloaded for BLASTn search, in addition to the metatranscriptome datasets for mangrove and intertidal mudflat sediments generated in the course of the current study (Supplementary Table 6 ). The analysis indicated that Lokiarchaeota and Thorarchaeota were transcriptionally active in offshore, mangrove, or intertidal mudflat sediments. By contrast, no transcripts originating from Heimdallarchaeota or Odinarchaeota were detected, leaving their metabolic activities unknown. This may be because of the high diversity of Asgard archaea ( Fig. 1 ) and the currently limited availability of Asgard genome sequences (Supplementary Table 2 ). A complete transcript set for the THMPT-WL pathway confirmed the previous deduction for Thorarchaeota 5 , but the key gene (fdh) for the initial step of the THF-WL pathway (CO2 conversion to formate) was not expressed (Fig. 3) . Transcripts involved in proteins and peptides degradation were present and abundant, indicating the proteins and/or peptides are major carbon and energy sources for Lokiarchaeota and Thorarchaeota. The highly expressed acs gene suggested that acetate could be one of the major organic carbon sources of Thorarchaeota. Since acetate plays an important role in subsurface sulfate reduction and methanogenesis 35 , the reversible reaction (acetate conversion to acetyl-CoA) might be a major pathway supplying acetate to other anaerobic microbes, as required. Transcripts for genes involved in ethanol formation and butyryl-CoA oxidation were also identified in Lokiarchaeota and Thorarchaeota. Intriguingly, no transcripts for nitrogen fixation, sulfate reduction, and arsenic efflux were detected.
Further exploration of the Asgard transcriptomes may help to understand their metabolic activities in the sulfur and nitrogen cycle. We also detected expressed ESP genes of the Lokiarchaeota and Thorarchaeota lineages, especially the highly expressed genes for the conserved lokiactins and eukaryotic RLC7 family protein (Supplementary Fig. 7 and Supplementary .
In conclusion, in the current study, we provided the first framework for the diversity, was then used to retrieve the sequences and the corresponding GenBank-formatted flat file, which contained environmental information (e.g., location and isolation source). In the subsequent steps, custom scripts were designed to combine the two datasets and to remove low-quality (i.e., containing 'N' or shorter than 800 bp) and duplicate sequences, resulting in 100,786 archaeal sequences. To retain Asgard-associated sequences, these sequences were BLAST-searched against genome-based 16S rRNA sequences of Asgard archaea (≥800bp, Supplementary Table 1) using BLASTn with a cutoff E-value ≤1e-5, sequence identity ≥90%, and coverage ≥50%. This resulted in a set of 9765 potential Asgard sequences from the public databases. OTUs were assigned using the QIIME UCLUST 38 wrapper, with a threshold of 95% nucleotide sequence identity, and the cluster centroid for each OTU was chosen as the representative OTU sequence.
In addition to public databases, archaeal 16S rRNA gene sequences were also obtained from a recent study 15 . All expressed 16S rRNA gene sequences in the reference paper were BLAST-searched against a custom database containing 16S rRNA gene sequences retrieved 13 from Asgard draft genomes and potential Asgard OTUs obtained as described above, with a cutoff E-value ≤1e-5, sequence identity ≥75%, and coverage ≥80%. Thus, 5588 potential Asgard sequences were obtained, including eight newly proposed clusters DAS1-8 (79 sequences) 15 . OTU re-formation of these archaeal sequences (15,353 sequences, from databases and the reference paper) was performed using the QIIME UCLUST 38 wrapper, with a threshold of 95% pair-wise nucleotide sequence identity (1836 OTUs).
Phylogenetic analysis of Asgard archaea SINA-aligned 39 representative OTU sequences obtained after dataset construction were pre-filtered using a backbone tree, which was constructed based on updated 16S rRNA gene datasets 27, 40 , using the ARB software (version 5.5) with the "Parsimony (Quick Add Marked)" tool 41 . This resulted in 462 Asgard-associated OTUs. Candidate representative OTU sequences (462 OTUs) and genome-based 16S rRNA gene sequences ≥600 bp (470 sequences in total) were used for phylogenetic tree construction. Maximum-likelihood tree was inferred with IQ-TREE (version 1.6.1) 42 using the GTR+I+G4 mixture model (recommended by the "TESTONLY" model) and ultrafast (-bb 1000). Asgard subgroup designations were made when either a subgroup was defined in previous publications, or when subgroups with >20 sequences and similarity >75% 17 were monophyletic. Attributes (i.e., expressed rRNA gene, biotope, temperature, and salinity) for each representative OTU were characterized and visualized using iTOL software 43 .
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Distribution of Asgard archaea
The corresponding environmental information (i.e., location and biotopes) for the 16S rRNA sequences of Asgard archaea was extracted from the GenBank-formatted flat file using custom scripts. This resulted in 172 libraries, 65 of which have been published (Supplementary Table 3 ). The relative abundance of Asgard archaea reported in the 65 studies was obtained by summarizing the archaeal histograms, archaeal tables, and/or sequence numbers in the archaeal phylogenetic trees. Information on the global distributing of sample locations, relative abundance, and subgroup diversity obtained for analyses was plotted using the mapdata, ggplot2, and scatterpie packages in R software.
Sample collection and processing
Mangrove and intertidal mudflat sediment (totally 143 samples) were collected from the Shenzhen Bay 44 (in press). DNA extraction, archaeal 16S rRNA gene sequence amplification, and high-throughput sequencing were performed as previously reported 44 (in press). The 16S rRNA gene datasets were analyzed using QIIME 1 software 45 and the sequences were clustered at 97% similarity threshold, resulting in 77,585 OTUs. OTUs with >1% relative abundance were chosen for downstream analysis. was extracted, purified, and quantified, as described elsewhere 46 . The rRNA genes were removed from the total RNA using the Ribo-Zero rRNA removal kit (Illumina, Inc., San Diego, CA, USA) and reverse-transcribed. The cDNA was sequenced using an Illumina
HiSeq sequencer (Illumina) with 150-bp paired-end reads, generating a total of 52.3-Gbp clean sequence data without adapters. Unassembled metatranscriptomic reads were quality-trimmed using Sickle 47 with the quality score ≥25, and the potential rRNA reads were removed using SortMeRNA (version 2.0) 48 against both SILVA 132 database and default databases (E-value cutoff ≤1e-5).
Co-occurrence network construction
Relationships between Asgard OTUs and other archaeal OTUs were inferred based on an undirected co-occurrence network analysis using the CoNet tool in Cytoscape software (version 3.6.1) 49 . 16S rRNA archaeal OTUs from the public libraries (90% similarity cutoff) and mangrove sediments (97% similarity cutoff) were used in relationship analyses. Libraries with more than five OTUs were selected for network construction. The correlation coefficient thresholds were set using combined methods (e.g., Spearman correlation, Pearson correlation and Bray-Curtis Distance), as recommended by the manual 50 , and the Benjamini-Hochberg adjusted p-value < 0.05. The OTU taxonomy was annotated by searching against a custom database incorporating SILVA SSU 132 rRNA database and the Asgard sequences confirmed in the current study.
Reconstruction of metabolic pathways
Publicly Table 8 ).
Metatranscriptome data from mangrove sediments and mudflat sediments, and other publicly available metatranscriptome data (Supplementary Table 6 ) were analyzed to clarify the transcriptomic activity of Asgard archaea. The abundance of transcripts for each gene from the Asgard archaeal genomes was determined by mapping all non-rRNA transcripts to predicted genes using BLASTn (E-value cutoff ≤1e-10). The BLAST hit with the highest score for each read was used for expression abundance analysis 59 . If mapped reads covered >90 genes in a genome, the genome was included in transcriptomic analyses. rRNA gene sequencing data. J-DG reviewed and improved the quality of manuscript.
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